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Direct measurements of skin friction in a turbulent 
boundary layer with a strong adverse pressure gradient 

By D.FRE1 AND H.THOMANN 
Institute of Aerodynamics, Swiss Federal Institute of Technology, Zurich 

(Received 16 July 1979 and in revised form I9 February 1980) 

This paper describes a new balance, suitable for direct measurement of skin friction in 
turbulent boundary layers with severe pressure gradients. The gaps between the 
floating element and the surrounding wall are filled with a liquid in order to eliminate 
disturbing pressure forces on the element. The resulting friction forces are measured 
with piezo-electric transducers with high sensitivity and extremely small element 
displacement. 

Skin friction measurements were taken in the turbulent boundary layer of a wind 
tunnel with circular cross-section at  M < 0.25. Severe adverse pressure gradients were 
generated by means of a step on the wall or, alternatively, by a conical centre body. 

The new apparatus was mainly used to investigate the error of Preston tubes in 
adverse pressure gradients. It was necessary to develop a new measuring technique to 
improve the repeatability of the Preston tube readings. 

The Preston tube error was found to depend on both the local pressure gradient 
P = (dp/dx)  vlpu; and on the Preston’tube diameter u ,d /v  and to be independent of 
the upstream pressure distribution for the range of parameters covered by the experi- 
ments. 

1. Introduction 
The universal ‘law of the wall’ can be used to determine the skin friction in turbu- 

lent boundary layers with small pressure gradients. A well-known method was sug- 
gested by Preston (1954) which uses the pressure read by a Pitot tube resting on the 
wall; Pate1 (1965) gave limits for the admissible pressure gradients. 

For severe pressure gradients, the universal ‘law of the wall’ is not generally 
accepted, because it is extremely difficult to measure the skin friction under these 
conditions. Preston tubes are of little use, as their calibration relies on the ‘law of the 
wall ’ and floating elements are severely disturbed by the pressure forces acting on the 
element. 

Measuring techniques for the determination of skin friction have been surveyed by 
Rechenberg (1963) and later by Bertelrud (1972) and Winter (1977). Tomm (1978) 
gives a description of a laser application for the determination of local skin friction. 
The measuring tolerances, however, are not yet satisfactory, as the velocity is not 
measured spotwise but within a finite volume. 

A different way t o  measure skin friction by a direct method could arise from new 
materials developed in electronics, see Reeder &, Cullen (1976). Up to now, however, 
no publication is known where this technique is used to measure skin friction. 
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FIGURE 1. Skin friction balance: a, floating element (ring); b, electro magnet; c, force trans- 
ducer; d, float, submerged in oil; e, spring leaves;f, centre wall; g, liquid, sealing the gap. 

It was the aim of the present work to determine the skin friction by direct measure- 
ment of the force on a floating element and to use these results to calibrate Preston 
tubes under severe pressure gradients. A new idea is that the surface tension of a 
liquid can be used to seal the gap. This method will be discussed in detail in the next 
section. In  $$ 3 and 4 the balance and the experimental set-up are described and in $ 5 
the results are presented. 

2. The use of surface tension to seal a floating element 
The skin friction balance that has been developed and tested at  the Aerodynamical 

Institute of the Swiss Federal Institute of Technology, Zurich is based on the floating- 
element principle (see figure 1). The narrow gaps between the surface element and the 
surrounding walls are filled with a liquid in order to seal them and to eliminate unknown 
pressure forces on the side walls of the element. The principle is shown in figure 2. For 
an ideal balance there would be b, = b, and s, = s, = 0. The angle a, follows from a 
force balance in a direction perpendicular to c1 as 

P1 -PFl 
Cl? sin a, = - 2a 
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FIGURE 2. Force K acting on a wall element, u = surface tension, I = length of gap. 

where (T is the surface tension of the liquid in the gap. The largest pressure difference 
that can be supported by the surface tension is found with the condition 

It is 
sin(a,+p,) = 1. 

2ab1 
(P1- PE”1)rnax = &q. 

Forb, = 0 , l  mm, s1 = 0 and (T = 7.5 x 10-2  N m-1 (water) i t  amounts to 1500 Pa which 
is considerably more than required by, the experiment. Notches in the rim of the ele- 
ment reduce this figure significantly. For T~ = 7 Pa (we z 70ms- l )  and pl-pF1 = 
- + 200 Pa the experiments showed a considerable safety margin against loss of fluid. 

In  spite of slightly lower surface tension, glycerine carried higher loads than water, 
probably because vibrations are damped more efficiently by the high viscosity. 
Further reasons for the final choice of glycerine were its low rate of evaporation and the 
lack of corrosive properties. 

Measuring errors caused by surface tension 

The skin friction force depends on the surface area of the wall element and the flow 
condition. In  our case, this force may be expected to be less than 0.04 N. The gap 
length on each side of the wall element will be 628 mm and the gap width b = 0.1 mm. 
Error estimates concerning the influence of the surface tension have, therefore, to be 
based on these conditions. 

As shown in figure 2 the tangential force K acting on the element becomes 

K = (Tz [cos (a2 - p 2 )  - cos (a, + p, ) ] .  
From the result for sin a given above and sinp = s / c ,  

This force will introduce an error if its amount changes between the calibration of the 
apparatus and the measurement. For the arraagement shown in figure 1 pF1 and P F 2  
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FIGURE 3. Influence of static pressure in the air p,, p ,  and the liquid PF on the secondary force 
K acting on the wall element; j5 = #(p,+p,), I = length of gap. -, water (a = 7.6x lo-' 
N m-l); ---, glycerine (a = 6.7 x lod2 N m-l). 

need not be equal. An indication of the conditions to be satisfied by the balance are 
found from the following cases. 

b, = b, = b, p ~ 1  = p ~ 2  = PF. 
The results down  in figure 3 indicate that K becomes small compared with the friction 
force if the gaps are narrow and if the pressure p F  in the liquid is close to  the mean air 
pressure 3. This second condition was satisfied by venting the space behind the ele- 
ment shown in figure 1 though a static pressure tap located close to the downstream 
end of the ring. 

(a)  s1 = s2 = 0, 

( b )  ~1 = s2 = 0 ,  bl = b - t ,  b, = b + t .  

This leads to 
- K = (1 - Ip- ( b  +t)I2) ' -  (1 - ['a (b - t i ] ' ) ' .  
a1 2a 2a 

From this equation the need for a atiff force transducer emerges. For the transducer 
described in 0 3, t < 10-3 mm and the error becomes small. 

Furthermore, the initial set-up must guarantee that b, = b, with a high accuracy. 
This could be checked by closing the venting and the test section in figure 1 at both 
ends which results in p1 = p,.  If K was independent of this pressure, the balance was 
correctly adjusted. 

I n  this case 

With the venting described in (a )  this error becomes negligible. 

This leads to 

( c )  91 = ~2 = S, b1 = b, = b,  p i  = p ,  = p ,  p F 1  = p F 2  = ps. 

K = Zs(p --$IF). 

(4 82 = - s l i  bl = b2 = b, PF1 =PFZ = 4@1+p2)' 

K = 414P1-P2). 
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FIQURE 4. Principle of the force measurement : a, piezo ceramic bender element, b, protecting 
tube, c, HF-cable; d, floating element (ring); e ,  electro magnet; j, adjusting devices; g,  floats, 
submerged in oil; h, charge amplifier; j ,  low-pass filter; k ,  display; I, gaps, sealed with liquid. 

This is the most severe case considered so far. It determines the tolerances for the 
design of the final balance. Let us give an example: the desired 1 yo accuracy of the 
force measurements results in K < 0.0004 N. A maximum presaure gradient in the 
flow direction may cause a pressure rise of 60 Pa from gap 1 to gap 2. A gap length of 
628 mm leads to  a maximum allowable misalignment of 0.021 mm. Fortunately it is 
not very difficult to  satisfy this requirement. 

3. The skin friction balance 
As a detailed description is given by Frei (1979), a few remarks are sufficient here. 

The experiments were carried out in a vertical tube of 200 mm inner diameter. The 
hydraulically smooth surface element had the shape of a ring placed between two 
adjacent tube segments. It was supported by three balances (see figure 4). The bottom 
stop (fin figure 4) adjusts the correct width of the lower gap to 0.1 mm while the upper 
one limits the movement of the wall element. The width of the wall element between 
the two gaps is 10 mm. With increasing element width the friction forces to be meas- 
ured increase. This leads to  a better resolution of the wall shear stress. On the other 
hand, the local resolution of the skin friction gets worse due to the integration over a 
larger surface area. The error AT, due to the finite-element dimension b in the flow 
direction is found by expressing 7,(x) in a Taylor series. The result is 

xn+ib d2rw b2 
T,(X) ax  - 7,(xm) = - - dX2 24 +0(b4),  AT, = 

b xm-#l 

with b = 10 mm a relative error AT/T, 6 2 x is found for the step, and the errors 
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are still smaller for the centre body. A 10 mm element was finally chosen. Some tests 
with a 30 mm element confirmed these ideas. 

Three spring leaves mounted tangentially %o the ring in a plane normal to the axis 
enable the ring to move freely in the axial direction and prevent its radial movement. 
Owing to the narrow gaps (0.1 mm) between the surface element and the surrounding 
wall, a force measurement system with small element displacement was required. 
Piezo-electric bender elements, called ' multimorphs ' (Philips 1976), are well suited. 
The characteristics of such a bender element is virtually independent of temperature, 
and it is linear within a major part of its range. 

The deflexion of a 7mm-cantilever bender element under a load of O-OlN is 
4.4 x loF4 mm. It is well known that the output of such a piezo-electric transducer has 
a tendency to drift under static conditions. For this reason, the force transducer was 
periodically unloaded by lifting the element with an electro-magnet. The difference 
of the output signal between the loaded and the unloaded condition corresponds to the 
skin friction force plus the weight of the wall element. This latter was made very small 
by supporting the wall element with floats submerged in oil. 

4. Experimental set-up and measuring technique 
The test section of the circular wind tunnel with 200 mm internal diameter had a 

length of 570 mm. The maximum velocity was 80 m s-l. The inlet was described in 
detail by Pozzorini (1976). The positive pressure gradient was applied by means of 
either a centre body or a step on the wall. These are shown in figures 7 and 8. A certain 
disadvantage of the step lies in the fact that the static pressure normal to the wall is not 
exactly constant. A large part of the centre body was covered with porous areas 
through which air was sucked to prevent flow separation. The reference velocity 
u, was determined with Bernoulli's equation from the pressure difference in the inlet 
and the area ratio. 

It was convenient to keep the balance in a fixed position and to move the centre 
body or the step in the axial direction. The pressure gradient was determined by 
measuring two static wall pressures, a distance Ax = 10 mm apart. Preston tube 
readings usually show a considerable scatter due to variations of the skin friction 
normal to the flow direction. Therefore, they had to be integrated along the circum- 
ference of the test section to give values that could be compared with the results of the 
balance. The integration was done by adding 36 readings taken at  10' intervals. By 
taking 72 readings on several occasions, and using the odd ones in one group and the 
even ones in a second group, it could be shown that this method of integration did not 
introduce scatter of more than 0.5 yo. Velocities u ( y )  were determined using 

26 = ( 2 ( I P o - P w ) / d 4  

where p o  is the pressure determined with a Pitot tube (same geometry as Preston 
tube) and pw is the static pressure a t  the wall. No correction for turbulence was made. 
The distance y from the wall was defined as yo + 0.15 d where yo is the distance of the 
tube centre-line from the wall and d is the tube diameter. 



Measurements of skin friction in a turbulent boundary layer 85 

3 

2 

h 
m 

3 c 
B 

1 

0 

Resolution of the 

200 400 600 800 

b(i2, (pa) 

4.0 

3.0 

2.5 

‘? ,” 2.0 
0 

1.5 

1 .o 

1 

I I L  

3 X 1 0 5  4 5 6 7 8 9 10‘ 

I ,  
Re (x = 0.57 m) 

FIGURE 5. Skin friction balance results for variable dynamic pressure, A corresponds to the 
resolution of the balance; 0, 0,  d p / d z  z 0 ;  0 ,  +, x: = 30 (dp/dx: large). The solid line in ( b )  
comes from (Schultz-Grunow). 

5. Results 
Verijication of existing results, no pressure gradient 

An initial attempt was made to verify the well-known friction law by Schultz-Grunow 
(1940). The result is given in figure 5. From the comparison between the measurements 
taken in increasing and decreasing dynamic pressure, one gets a good idea of the 
repeatability of the skin friction measurements. The measurements were taken in a 
nominally zero pressure gradient as well as in the area of rising static pressure a t  30 mm 
distance from the step. The zero pressure gradient measurements show excellent 
agreement with the law by Schultz-Grunow within the indicated measuring tolerances. 
The deviations at  low Reynolds numbers are a consequence of the occurrence of laminar 
zones. 

Figure 6 shows a comparison with Patel’s (1965) calibration curve: y* was deter- 
mined from r, measured with the balance in zero pressure gradient and Ap,  averaged 
as described above, was used in x*. 

Results with strong pressure gradient 

Figure 7 shows results for the configuration with the centre body. The pressure dis- 
tribution, being fairly independent of Reynolds number, is shown for one dynamic 
pressure only. The skin friction, measured with the balance, is given for four different 
values of the dynamic pressure. No separation (7, < 0) was observed with this con- 
figuration. Figure 8 shows comparable results for the step. In  this case, negative 7, 

were measured 5 to 10 mm in front of the step, clearly indicating flow separation. 
VeIocity profiles are shown in figures 9 to 11. In  figure 9 the friction velocity is 

u, = ( r , / p )b  where r, was determined with the balance. The agreement with the 
‘law of the wall’ is not convincing. Thie can be caused either by the pressure gradient 
or by differences between the local u, and a,. As the boundary-layer probe had the 

- 
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FIGTJRE 7. Skin friction in a pressure gradient, with centre body; cg = 2(p (x )  - p ~ ) / & ,  p ( x )  is 
the pressure in the plane of the balance with the centre body displaced by a distance x. 
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FIGURE 8. Skin friction in front of a step. 

same geometry as a Preston tube, the local u, could be determined with the reading of 
the probe resting on the wall and Patel’s calibration curve, combined with the correc- 
tions given in figure 13. The resulting figure I 0  clearly supports the ‘law of the wall’. 
Results for the step are shown in figure 11.  They are less reliable, as the pressure 
gradient normal to the wall was by no means negligible at x = 30 mm. 

Calibration of the Preston probe in a strong pressure gradient 

Preston (1954) showed that a universal relation between rw and the pressure Ap read 
by a Pitot tube resting on the wall can be found if a layer exists close to the wall which 
depends on local parameters only. The thickness of the layer must, of course, be larger 
than the diameter d of the tube used. For constant pressure, the parameters are rw, p 
and v and dimensional arguments lead to Preston’s original relation 

If the pressurep(x) varies along the wall, the whole upstream history will influence the 
flow at  a station xl. As p(x) can be expressed as a Taylor series, the upstream history, 
and thus the flow a t  xl, are determined by dp/dx(x,) and all higher derivatives. 
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FrauRE 9. Velocity profiles with centre body, fi, from T ,  measured with the balance, apuk = 3795 
Pa. 0 , s  =-150mm,P =-0.001;0,r = 100mm,P = 0.023; A,z  = 300mm,P = 0.010; 
0, z = 450 mm, P = 0.003. 

Dimensional arguments lead to  the following extension of Preston’s original relation 

, P, P’, ... ”-;”), 
4 p v 2  -- ( Q V 2  

7, d2 AP a2 
- fn  - 

with 

A length scale equivalent, in principle, to  x1 is the local momentum thickness 

For a flat plate the universal law of the wall is valid to a distance of about 28 from 
the wall and fairly independent of the Reynolds number. Common to almost all 
data presented by Coles & Hirst (1968) is the fact that this distance decreases to 
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FIGURE 10. Velocity profile with centre body, u, from local 7 ,  determined with the Preston tube. 
For an explanation of the symbols see figure 9. 
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about 8 for flows approaching separation. 8 seems therefore to be a more useful 
length than xl. Combining u,8/v with u,d/v results in the parameter 8 / d  which is 
suggested to replace u,xl/v, leading to 

The relation rw = r2,(Ap) should be independent of Old as long as the Preston tube 
is fully submerged in the universal wall layer ( 6 / d  = 0.5) for a flat plate). The same 
can be expected for the flow with a pressure gradient. The limit of @/d must be 
determined with the experiment. In  our own experiments, tubes with d = 0.5, 1 , 2 , 3  
and 4 mm and a diameter ratio of 0.6 were used. The resulting @/d ranged from 1 to  
10 for the centre body and from 0.5 to  5 €or the step. No systematic dependence of 
the results on 8/d was found. Further investigations are required to determine a 
reliable lower limit for 8 / d .  
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FIGURE 11. VeIocity profiles in front of step, *pug = 860 Pa. 0, x = 400 mm, P = 0.000; 
0, x = 7 0  m, P = 0.0005; 0, z = 30 ~ n m ,  P = 0.083. 

Equation (2) is hardly of any use because of the large number of parameters. 
The first term in a Taylor series usually has the strongest influence. The following 
simplified form of (2) is therefore suggested 

The results of the present investigation are given in the form 

which is consistent with (3). The pressure difference Ap, measured with the Preston 
tube, was averaged as described in $ 4  and used to determine the apparent, averaged 
skin friction rp with Patel's (1965) original calibration curve; 7, is the skin friction 
measured with the balance, it figure averaged over the same circumference. The results 
are given in figure 12 and tables l'and 2. 

It was suggested by Brown & Joubert (1969) that  the Preston tube error should 
depend on the product of the two parameters, that  is 
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FIGURE 12. Corrections of Preston tube calibration: 7 ,  = apparent skin friction, determinedwith 
Patel's (1965) calibration curve; 7, = true skin friction, determined with the balance, u, = 
(7 , /p)* .  The estimated error in ( T , - T , ) / ~ ,  equals f 0.05 for the least accurate data points 
and 0.02 for the most accurate ones. - , step and centre body: 0, ---, in front of step; 
A, . . . . , with centre body. 

If this was true, the curves for constant error shown in figure 12 should be hyperbolas, 
which is not quite the case. Equation (5) suggests that the following relation might be a 
reasonable fit to  the data: 

(6) 
7 -7, 

7, 
I O O P = A P m  

A least-square method was used to  determine A ,  m and n from the data given in 
tables 1 and 2. The values are 

A = 9.68, m = 1.337, n = 0.857. 
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FIQURE 13. Corrections of Preston tube calibration, u, = (7, /p)*.  

Equation (6) was also fitted to the data measured in front of the step (table 1) and, 
independently, to the data of the centre body (table 2).  The two curves for 15 yo error 
in figure 12 show that both arrangements lead to similar results in spite of the different 
pressure distributions p ( x ) .  

Figure 12 and (6) cannot be used directly to reduce experimental data as rP is 
measured and T,, P and u, are still unknown. In  figure 13 the relation 

determined from (6) is plotted with 
dP v up = ( ~ ~ / p ) s  and Pp = -- dx pu;' 
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TABLE 1. Corrections of Preston tube calibration, in front of step; 

6. Conclusions 
The results shown in figure 12 indicate that an equation of the form 

7, a 2  -=fn(- Ap d2 P )  
4pv2 4pv2 ' (3) 

is a good approximation to reality. The next higher parameter in (2) (P' N d2p/dx2)  
has a range of 0.1 x 10-5 to 2 x 10-5 for the centre body and 1 x to 5 x for the 
step. In  spite of this, no significant difference between the two sets of data were found. 

Equation (3) implies that  the flow in a layer of thickness O(d) depends on local 
parameters only. If this is true, a law of the wall for the velocity should exist of the form 
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0.029 
0.038 
0.045 
0.059 
0.038 
0.050 
0.010 
0.013 
0.018 
0.025 
0-029 
0.031 
0.039 
0.045 
0.029 
0.038 
0.045 
0.059 
0.038 
0-050 
0.0 10 
0-013 
0.018 
0.025 
0-038 
0.050 
0.010 
0.013 
0.018 
0.025 

u,d/v 
165.9 
129.7 
105.9 
83.0 
95.2 
74-9 

105.6 
84-7 
99.7 
77.3 

261.5 
206.3 
191.4 
163.0 
246.8 
193.7 
158.2 
123.9 
142.8 
112.4 
158.4 
127.1 
149-6 
115.9 
190.5 
149.9 
211.2 
169.5 
199-5 
154.6 

~ ~~ 

z 

4.5 
5.6 
6-4 
8-7 
5.4 
7.6 
1.7 
2.2 
3-3 
4.3 

10.5 
8.6 
9.5 
9-8 
7.4 
9.5 

11.0 
14-1 
11.2 
13.5 
3.0 
4-1 
5.4 
8.9 

18.1 
23.2 
4.4 
6.3 
8.8 

11.1 

TABLE 2. Corrections of Preston tube calibration, with centre body. 

The velocity profiles shown in figures 10 and 11 support this suggestion, but they can 
hardly serve as proof. The main reason for this remaining uncertainty lies in the fact 
that it  is very difficult to generate a flow that preserves rotational symmetry when 
approaching separation. Figure 12 shows considerable errors for u, d / v  as low as 20 
which indicates a deformation of the original law of the wall down towards the edge 
of the laminar sublayer. 

Equations (3) and (8) must be used with care close to a pressure maximum. As 
P N dpldx vanishes there, the next higher term connected with the Taylor series for 
p ( x )  (P' N d2p/dx2) should probably be retained in this case. 
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